Strong electromagnetic stirring enables promotion of interfacial reaction between slag and metal in ladle refining processes. This study elucidates the interfacial phenomena through plant scale experiments by using stationary alternative current (AC) electromagnetic field, cold models to make clear the hydrodynamic behavior of fluids, and the numerical simulation of the magnetohydrodynamic (MHD) and chemical reaction analyses. They revealed that the enhancement of the interfacial reaction is strongly related to the state of the slag-metal interface and that there exist critical values of the intensity of electromagnetic power supply, which govern the reaction rate.
Introduction
The stirring intensity in molten metal is the most important factor of the chemical reaction, which is related to the productivity of refining process. In the refining of steel, the electromagnetic stirring by use of stationary AC electromagnetic field has the following characteristics.
(1) Stirring intensity can be increased without the splash formation, which is generally observed in the gas stirred refining, leading to the refractory damage.
(2) During the stirring, Joule heating occurs at the same time, so that the simultaneous realization of the promotion in desulphurization and the prevention of temperature decrease are possible. It may enable the increase in scrap consumption.
(3) Frequency change can control the heating rate and the flow pattern of the electromagnetically driven flow.
Especially, in the case of desulphurization reaction, which is generally quite difficult in a short period without the increase in the reaction area, the strong stirring with the emulsification of slag into metal enables the enormous increase in the reaction rate. On the emulsification phenomena in the case of gas stirring was studied by Mietz et al. 1, 2) on the critical condition and the size distribution of the entrained particles.
On the behavior of the molten metal under the stationary AC electromagnetic field, the induced flow and the free surface shape deformation have been discussed in the paper through the experimental results in high frequency AC field, 3) and the numerical evaluation including the free boundary problem was performed by coupled analyses. 4) In this paper, experimental results of the promotion in desulphurization in pilot plant tests with stationary AC electromagnetic field are presented and its quantitative evaluation through the fundamental experiments and the numerical simulation is described. Figure 1 shows the schematic illustration of the experimental apparatus, in which the atmosphere control and the alloy addition with induction heating are possible. Table 1 shows the experimental conditions. About 8 ton of molten steel prepared by an induction melting furnace was poured into a ladle for refining, which was installed in the experimental apparatus. Its composition and temperature were adjusted to the arbitrary value in a vacuum chamber under the argon atmosphere.
Promotion of Desulfurization in a Stationary AC Electromagnetic Field

5)
After reaching to the arbitrary condition, desulphurization flux, whose main composition is CaO, was added to the molten steel. The refining with electromagnetic stirring under constant coil current level with the frequency of 50 Hz, samples of the molten metal were taken by use of samplers made of stainless steel, 25 mm in inner diameter.
The change with time in the sulphur content of molten metal is shown in Fig. 2 . During the refining under the high intensity of the coil current, it was observed through the video camera that a large number of entrained slag droplets of about 10 mm in diameter repeatedly floating to the free surface. The desulphurization within a short period was realized.
The closed circles in Fig. 3 shows the relation between the first order reaction rate constant k S Ј (1/s), which is obtained from the change with time in sulphur content in steel, and the coil current I c (A). In Fig. 3 , the open circles represent the first order decarburization rate constant for the comparison under the low-pressure atmosphere, which means that mass transfer in the gas phase is not the rate-determining process. In ultra low carbon region, the partial pressure Pco, which equilibrates with carbon and oxygen contents in steel, decreases enough, so that the decarburization does not continue in the bulk molten steel. It occurs mainly at the interface between molten steel and reduced pressure atmosphere, which is lower than the equilibrium partial pressure. It means that the internal reaction is negligible. Under the condition of strong stirring of coil current 2 600 A, increase in the decarburization rate, where the reaction site is only the metal and gas interface and the mass transfer of carbon in the melt is promoted, is merely about 5 times compared to that under the low coil current, while the increase in the desulphurization rate reaches up to 50 times. This means that the interface between metal and slag droplets entrained into the molten steel acts as a very effective reaction site concerning the desulphurization.
Study on Phenomena at the Interface
Study on Entrainment of Slag Droplets by Cold
Models The slag entrainment phenomena, which is important to promote the reaction, is not studied enough in the case of ladle refining under the stationary AC electromagnetic field, so that the cold model by using water and oil was performed to investigate this phenomena. Figures 4 and 5 show the schematic illustrations of experimental apparatuses. Water regulated by filters was circulated in the each apparatus in horizontal direction as in Fig. 4 and in vertical direction as in Fig. 5 in order to simulate the flow pattern in molten metal under the stationary AC electromagnetic field. As shown in Table 2 , four kinds of oils, which have differ- ent density, interfacial tension and viscosity, were used. As the oil, cyclohexane, n-pentane, liquid paraffin and n-octane were used. The critical flow rates, which start the entrainment of the oil into water, were measured by using a highspeed camera observation in order to make clear the condition of entrainment by changing the flow rate of water. In the horizontal water model, the interface between water and oil was kept horizontal and the interfacial velocity was measured by a video camera observation through the motion of the added alumina tracer particles. In this model, three kinds of resin blocks, which have different inclination angles, were used in order to elucidate the influence of collision angle to the critical velocity for entrainment of oil. In the vertical type model, a coaxial tube system was used to simulate the electromagnetically driven flow. The diameter of inner tube is 60 mm in inner diameter and 70 mm in outer diameter, while the diameter of outer tube is 100 mm in inner diameter and 110 mm in outer diameter. This configuration was chosen to realize the approximate similarity of the upper part of molten metal flow under the stationary AC electromagnetic field, where the Lorentz force near the coil center level is higher than the upper and lower part within the coil height, which leads to form two vortex tubes in the cylindrical molten metal. This phenomenon is shown in the results of the numerical simulation of fluid flow later. In addition, the setting of square section vessel filled with water minimized the observation error by the light refraction in video observation from the side of apparatus. Figure  6 shows the schematic view of flow behavior near the entrainment region in the horizontal type model. The water flow collides with the wall, and then turns to the downward direction accompanied by a small reverse flow vortex. The collision point between the horizontal flow and the reversed flow deforms the interface between oil and water, and the entrainment phenomena occur. In the case of coaxial tube model, the entrainment of oil into the water occurs in the vicinity of inner wall of outer tube by increasing the flow rate as shown in Fig. 7 . Figures 8 and 9 show the relation between the critical interface velocity, at which the entrainment of oil starts, and the thickness of oil. In the case of horizontal model, the effect of oil thickness is small and the measured critical ve- Table 2 . Oil properties used in the experiment. On the contrary, in the case of coaxial tube model, the critical velocity is smaller than that in the case of horizontal model and decreases when the oil thickness becomes smaller with the decrease in convex height of water. The reason of the difference between two models can be explained by the difference of interface configuration from the aforementioned experiments. So that, the gravity term, which includes the convex height h, was added in the Eq. (2) where, d, u i , s i , r W , r 0 , g represent the diameter of oil droplet, the interfacial velocity, the interfacial tension between water and oil, the density of water, the density of oil and the acceleration of gravity, respectively. Moreover, it was confirmed that the viscosity does not affect the critical velocity of entrainment, however, it was observed that the higher the viscosity, the larger become the diameter of droplets as shown in Fig. 13 . In addition, the critical velocity does not change in the case of horizontal model with three different inclination angles, which leads to the conclusion that the flow collision angle does not affect the critical velocity as shown in Fig. 14. 
Evaluation of the Reaction Rate by a Mathematical Model
Numerical model was established to evaluate the reaction rate change with the electromagnetic force by combining a MHD analysis and reaction kinetics models. Numerical modeling is composed of three parts, that is, (1) numerical simulation of the AC electromagnetic field, (2) simulation of fluid flow by using Large Eddy Simulation model as a turbulence model and (3) simulation of slag droplet behavior and reaction rate calculation. Figure 15 is the flow chart of model.
First, the electromagnetic analysis was conducted by using the integral equation method and the coupled analysis with meniscus shape calculation by the static pressure balance. 4) Induced electric current density J in the molten metal under AC filed is given by the following integral equation (5) where B is the magnetic flux density in the integration volume dvЈ
In the case of cylindrical coordinate system, induced current J has only the component in the azimuthal direction, so that the following form is obtained. (6) where, J (r, z) means the electric current density in the melt at the position whose coordinate is (r, z), and I c means coil current. The function f (r, rЈ, z, zЈ) and f (r, z, N) represent the mutual inductance between the circular current at the position of (r, z) and that at (rЈ, zЈ) or that of the coil position. The integral equation was solved by a discretization of the equation by using 25ϫ25 meshes for the electrical conductor as in the Fig. 16 schematically shown by using coarsen meshes to show the characteristics of the configuration of each mesh. The number of turn of the coil is 34. Physical properties and parameters used in the calculation are listed in Table 3 . (7) In Fig. 17 , the relation between coil current I c and convex height h is shown, which shows a good agreement. On the fluid flow analysis, following Navier Stokes equation was used. It is expressed in a cylindrical coordinate system with Large Eddy Simulation method by employing Smagorinski model. The modified MAC method was used as the algorism.
7) The change in free surface shape by the dynamic effect of flow was neglected in this report, because there found little difference between measured convex height and calculated one by using the Eq. (7) In the fluid flow calculation, coordinate system was chosen as a two dimensional axisymmetric one, and the nodal system was 50ϫ50 meshes. Lorentz force was given by the interpolation of calculated value obtained by the electromagnetic analysis. If the condition (1) is satisfied from the free surface shape and the interface velocity, slag droplets were introduced from the free surface mesh adjacent to the wall. The following transport equation was used to obtain the distribution of slag droplet in the melt, and the reaction between slag droplet and metal and the one between top slag and metal were evaluated by Higbie's model. where, D turb , C and v f represent the turbulent diffusion coefficient, the density of slag droplet and the terminal velocity of the slag droplets which can be applicable of this size sphere particle obtained by Newton's law, respectively. r st , r s , n d , D s , q and A represent the density of molten steel, the density of slag, the number of slag droplets, the diffusion coefficient of sulphur in steel, the renewing time, and the interface area between top slag and molten steel respectively. CЈ shows the density of slag droplet in the integration volume. On the renewing time q and the area A, the renewing time was calculated from the flow velocity at the free surface obtained by the numerical simulation and the distance between the vessel center to the wall concerning the interface between top slag and molten steel. The area is that obtained from the deformation calculation of free surface. Concerning the interface between entrained droplet and molten metal, the area is calculated from the diameter and the number of droplets obtained as following description, and the renewing time was calculated from the terminal velocity obtained by Eq. (15). The remaining parameters, that is, the density of slag droplets and their diameter, were chosen as 10 5 (1/m 3 ) and 10 (mm), respectively, which were obtained by using the mean number and the diameter of the droplets observed in the experiments by the use of the camera shown in Fig. 1 as VTR. The other conditions of numerical simulation are shown in Table 3 . Figure 18 shows the calculated result of distributions of electromagnetic force and of electric current density. Electric current and electromagnetic force become concentrated to the wall by the skin effect, which is the result of relation between skin depth corresponding to the frequency of 50 (Hz) and ladle radius. In order to evaluate the calculation accuracy, relation between coil current and measured temperature increase rate of molten steel was examined as in Fig. 19 . The calculated value shows a good agreement with the measured one. Figure 20 shows the comparison between calculated value of meniscus velocity and measured velocity obtained from the tracer addition to the meniscus during the refinement. The experimental result shows a little bit larger value than the calculated one, however the result shows an approximate correspondence. Figure 21 shows the example of the distribution of flow velocity and of the density of slag droplets. Figure 22 shows the relation between the coil current and the reaction rate constant obtained by numerical simulation and by measurement. The calculated reaction rate shows three regions as follows. (1) Region below the critical value of slag entrainment, (2) Region where the entrainment occurs but the downward velocity just below the entrainment point is lower than the terminal velocity of the droplet, (3) Region, where the downward flow conveys the entrained droplet deep into molten metal and the reaction is promoted enormously. By this consideration of entrained droplets behavior, the experimental results can be explained. 
Conclusions
Refining efficiency can be remarkably increased by the increase in reaction interface area through slag entrainment phenomena promoted by the high intensity electromagnetic stirring by use of stationary AC electromagnetic field. On the basis of the slag entrainment mechanism evaluated by a cold model, a simulation model was established, which enables the estimation of slag refinement phenomena by use of various electromagnetic conditions. From the model, it was found that both the entrainment of the slag droplet into molten steel and the mixture of entrained droplets with molten steel by the strong electromagnetically driven flow are important to obtain the remarkable increase in the total reaction rate between slag and metal. 
